Background: Sustained tumor growth and metastasis require sufficient blood supply, and microvessel area (MVA) has been reported that is related to prognosis of cancer patients. However, tumor cells may not be nourished enough by blood vessels when the cells are separated from vessels by thick stroma. Therefore we investigated whether stroma-area normalized MVA (SnMVA) is a more important prognostic factor than MVA. Materials and Methods: 100 NSCLC patients who underwent resection between July 2011 and October 2012 were randomly selected. We determined the MVA of the tumor tissues by anti-CD31 immunostaining of microvessels. Stroma-area normalized MVA (SnMVA) was a ratio of MVA to stromal area. Correlation of MVA and SnMVA with overall survival (OS) or progression-free survival (PFS) was assessed using multivariate analysis. Results: Median MVA was 0.0228 (range, 0.00393 to 0.172), and median SnMVA was 0.0441 × 10
Introduction
Blood-supply plays a key role in solid tumors developing [1] . Since the 1970s, an increasing number of perfusion-based parameters have been exploited as potential markers capable of predicting prognosis of Ivyspring International Publisher cancer patients. One of the best studied is microvessel area (MVA), which reflects vascular intensity, area of the endothelial lumen and blood volume available for intratumor perfusion [2, 3] . However, studies in different types of solid tumor have shown an inverse relationship between MVA and survival [3, 4] , a direct relationship [5] or no significant relationship [6, 7] . The reasons counted for these paradoxical finding is not fully clear. One explanation for this discrepancy should be addressed is that extremely poor blood-perfusion ultimately promotes tumor development via hypoxia induced migration, metastasis, and chemotherapy/radiation-therapy resistance [8] . Moreover, the efficiency of blood supply in tumor is not only decided by vascular quantity but also other microenvironment profiles, such as dense stroma. Even when vascularization is dense, tumor cells may not obtain the oxygen and nutrients they need if they lie too far from blood vessels [9, 10] . It was suggested that quantity of vascular vessels was unable to accurately represent the efficiency of blood-supply, thus a more comprehensive factor is necessary.
In desmoplastic tumors, cancer niches often lie far from vasculature, separated from the vessels by stroma [11, 12] . This stroma can be quite thick, characterized by excessive deposition of extracellular matrix and less porous components including collagen, fibronectin, and laminins [13] . Stiff stroma impairs perfusion of tumor tissue by compressing vessels, increasing interstitial fluid pressure, and lengthening transport distance [9, 13, 14] . Therefore stroma should be taken into account when assessing tumor perfusion. This led us to hypothesize that a comprehensive marker that takes into account not only microvessel quantity but also the "perfusiondampening" effects of stroma may be a better prognostic indicator than MVA.
Here we propose stroma-area normalized MVA (SnMVA) as an index of blood supply to tumors that varies directly with microvessel area and inversely with stromal area. We compare the prognostic performance of SnMVA and MVA on a retrospective sample of NSCLC patients treated at our hospital.
Materials and methods

Study design
This retrospective study was conducted using 100 randomly selected NSCLC patients who underwent tumor resection as initial therapy. Blood vessels were visualized by anti-CD31 immunostaining of endothelial cells, and MVA was evaluated as described [15, 16] . SnMVA was calculated by dividing MVA by stroma area. After measured values of MVA and SnMVA were sorted, every third value (1st, 4th, 7th, …, 97th) was tested as a cutoff value to stratify patients into groups with high or low MVA/SnMVA. Then each cutoff value was used to explore the correlation of MVA and SnMVA with survival based on Cox proportional hazard modeling. Possible cutoff values were those at which MVA or SnMVA significantly correlated with overall survival (OS) or progression-free survival (PFS), and the optimal cutoff value was the one at which this correlation was most significant. This correlation was also explored in different patient subgroups after stratification by age, gender, smoking history, TNM stage, tumor histology, tumor differentiation, and post-resection chemotherapy.
Subjects
Data were retrospectively analyzed from 100 patients randomly selected from among those who were admitted to Zhejiang Cancer Hospital with primary NSCLC and who underwent resection as initial treatment between July 2011 and October 2012. Patients were excluded if medical records were incomplete or if they were diagnosed with other malignancies prior to NSCLC. This study was performed according to the Declaration of Helsinki and Good Clinical Practice guidelines, and the study protocol was approved by the Ethics Committee of Zhejiang Cancer Hospital. Patients provided written informed consent.
Tumors were staged according to the TNM system of the 7th edition of the international staging system, and tumor histology subtype and differentiation state were determined according to guidelines of the World Health Organization Classification of Tumours of the Lung, Pleura, Thymus and Heart (http://publications.iarc.fr/Book-And-ReportSeries/Who-Iarc-Classification-Of-Tumours). Patients were followed up using imaging techniques such as ultrasonography, magnetic resonance imaging and chest radiography to detect recurrence. Follow-up data were recorded until July 20, 2016.
Immunohistochemistry
Paraffin-embedded tumor tissues were obtained from the Tissue Bank of Zhejiang Cancer Hospital. Tissues were serially sectioned approximately 5 μm thick, and sections were immunostained with anti-CD 31 antibody as described [16] . In brief, antigen retrieval was conducted using EnVision TM FLEX Target Retrieval Solution (pH 9.0, Dako) at 95 °C for 20 min, followed by incubation at 4 °C overnight with rabbit polyclonal anti-CD31 antibody (1:300; Proteintech, Rosemont, USA). Then sections were incubated with secondary antibody (Dako) at room temperature for 30 min, followed by color development with diaminobenzamine solution containing 0.005% hydrogen peroxide.
Evaluation of MVA and SnMVA
Microvessels were identified as lumens lined with endothelial cells staining positively for CD31, based on observation at low magnification (100×) using a microscope (Nikon Eclipse TI-SR) equipped with a digital camera controller (Nikon DS-U3).
Hotspots showing the most highly vascularized regions were determined as described [15, 16] and captured by two independent observers at high magnification (200 ×). Compartments of cancer-cell niches and stroma in each tumor specimen were identified by two observers under 100 × magnification according to morphological profiles, which took into account color, texture and contextual features. Tumor cell niches were defined as deeply stained areas with dense cellularity and large tumor cells showing a high nucleus-to-cytoplasm ratio and prominent nucleoli stained by hematoxylin (Fig. 1A) . The stroma fraction, in contrast, was defined as weakly stained segmented areas with stained nucleoli that were sparse and small (Fig. 1A) . Cross-sectional areas of microvessel lumen, cancer cell niches, and stroma were calculated using Image J 1.6.0 (National Institutes of Health, USA). MVA was calculated as the ratio of total microvessel lumen area to total tissue area (total area of cancer cell niches and stroma). SnMVA was calculated by dividing MVA by stroma area.
Statistical analysis
Data were analyzed using R software (Version 3.4.4), SPSS 23.0 (IBM, New York, USA) and Cutoff Finder 2.1 (Institute of Pathology, Berlin, Germany). Data were graphically displayed using GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA, USA).
Inter-and intra-group differences in MVA or SnMVA were assessed for significance using the chi-squared test, Student's t test, ANOVA, or non-parametric test as appropriate. Correlation of MVA or SnMVA with survival was examined with the cutoff value for high-and low MVA or SnMVA with median value or an optimal cutoff as follows. The online software Cutoff Finder (available at http://molpath.charite.de/cutoff/) was used to fit Cox proportional hazard models with the functions coxph and survfit in the R package "survival" [17] . The values of MVA or SnMVA from our cohort of 100 patients were sorted, and the values of the 1st, 4th, 7th, …, and 97th patients (step size = 3) were taken as 33 potential cutoff values. Each cutoff value was used to divide patients into two groups with high (≥ cutoff value) or low (< cutoff value) MVA or SnMVA. The difference in patient survival between the two groups was determined according to the Cox proportional hazards model. Hazard ratios (HRs) and associated 95% confidence intervals (CIs) were plotted as a function of the cutoff value. Cutoff values leading to a significant correlation of MVA or SnMVA with OS or PFS were considered possible values. The possible value showing the most significant correlation with survival was defined as the optimal cutoff.
OS and PFS curves were plotted using the Kaplan-Meier method after stratifying patients based on the median or optimal cutoff value of MVA or SnMVA. Survival curves were compared using the log-rank test. Subgroup analysis was performed using predetermined factors, including age (<60 and ≥60 yr), gender (male and female), smoking history (never and prior or current), TNM stage (early and advanced), tumor histology (adenocarcinoma, squamous and other), tumor differentiation (poorly, moderately and well), and post-resection chemotherapy (mono-and multi-line). Cox regression was used to assess the independence of each factor from other clinical characteristics, and HRs with 95%CIs were estimated. The predictive accuracy of SnMVA and MVA for survival outcomes was compared by Harrell's concordance index (c-index). Significance was defined as two-sided P < 0.05.
Results
Clinicopathological features
The current study included 100 patients (74 men, 26 women) with a median age of 59 years (range, 40 to 79). Histologic types included adenocarcinoma (n = 54) and squamous cell carcinoma (n = 43). TNM stage was I/II in 71 subjects and III/IV in 29 subjects, and 49% of patients had poorly differentiated tumors; 47%, moderately differentiated; and 1%, well differentiated. Follow-up was a median of 51.1 months (range, 45.5 to 60.0), during which 29 subjects died (29%) and 44 experienced recurrence (recurrence outcome was unavailable for 8 subjects).
MVA and SnMVA
Median MVA was 0.0228 (range, 0.00393 to 0.172), which means 2.28% of tissue section area. Median SnMVA was 0.0441 × 10 -6 (range, 0.00393 × 10 -6 to 0.259 × 10 -6 ). Fig. 1A shows typical images of microvessels (solid arrows) surrounded by either a large fraction of stroma zone (Fig 1A-a) or small fraction of stroma zone (Fig 1A-b) (Fig. 1C) . Fig.2A ) and PFS (3.0% of MVA vs. 30.3% of SnMVA, Fig.2B ).
The optimal cutoff value for MVA was identified as 0.016 for both OS (Fig. 2A, left panel) and PFS (Fig.  2B, left panel) . The optimal cutoff values for SnMVA were identified as 0.08 × 10 -6 for OS ( Fig. 2A , right panel) and 0.03 × 10 -6 for PFS (Fig. 2B, right 
Univariate survival analysis
Patient populations were dichotomized for Kaplan-Meier survival analysis using optimal cutoff values or median values of MVA and SnMVA. MVA correlated significantly with OS when an optimal cutoff value was used (HR 0.42, 95%CI 0.19 to 0.92, p = 0.011) but not when the median value was used (HR 0.58, 95%CI 0.28 to 1.19, p = 0.146). MVA did not correlate significantly with PFS, regardless of whether an optimal cutoff value was used (HR 0.58, 95%CI 0.32 to 1.08, p = 0.052) or the median value (HR 0.96, 95%CI 0.55 to 1.69, p = 0.273). In contrast, small SnMVA was significantly related to short OS, regardless of whether the optimal cutoff value was used (HR 0.26, 95%CI 0.11 to 0.60, p = 0.0016) or the median value (HR 0.47, 95%CI 0.23 to 0.97, p = 0.046) and short PFS when the optimal cutoff was used (HR 0.36, 95%CI 0.15 to 0.81, p = 0.0036) (Fig. 3A) .
Univariate analysis of subpopulations stratified by clinicopathological features, such as therapy type, age and smoking history, showed SnMVA to be a more robust prognostic marker than MVA (Fig. 3B) . Especially, as a prognostic factor of PFS used optimal cutoff-value, SnMVA play as prognostic factors in 7 subgroups patients of elder, female, advanced stage, adenocarcinoma, moderately differentiation, and chemotherapy with multi-regimes, in contrast, MVA was the prognostic factor of only one subgroup, elderly patients. 
Multivariate survival analysis
Cox regression was used to assess the independence of SnMVA or MVA from other clinicopathological characteristics. High SnMVA was an independently predicted a low risk of death, regardless of whether an optimal cutoff value was used (HR 0.37, 95%CI 0.18 to 0.78, p = 0.009) or the median value was used (HR 0.42, 95%CI 0.19 to 0.95, p = 0.036) (Fig.  4) . Similarly, high SnMVA was associated with long PFS, regardless of whether an optimal cutoff value was used (HR 0.27, 95%CI 0.14 to 0.52, p < 0.001) or the median value was used (HR 0.35, 95%CI 0.18 to 0.68, p = 0.002).
In contrast, MVA failed to show a significant correlation with OS, regardless of whether an optimal cutoff value was used (HR 0.81, 95%CI 0.37 to 1.81, p = 0.614) or the median value (HR 0.86, 95%CI 0.40 to 1.85, p = 0.707). Similarly, MVA failed to show a significant correlation with PFS, regardless of whether an optimal cutoff value was used (HR 0.86, 95%CI 0.46 to 1.60, p = 0.636) or the median value (HR 0.61, 95%CI 0.34 to 1.11, p = 0.109). This analysis further indicated that late-stage disease (III/IV) independently predicted poor OS and PFS, while well differentiated tumors independently predicted longer PFS.
Discussion
Neovascularization-based blood supply is critical for tumor progression once tumors have grown beyond a diameter of 2 mm [1, 18] . This led researchers to develop numerous surrogate markers of neovascularization, such as MVA and microvessel density, which capture aspects of microvasculature and which have shown promise for predicting prognosis of cancer patients [3, 19, 20] . However, these markers are incomplete because they ignore factors outside of microvessels, especially intratumor stroma, which can significantly impair the arrival of oxygen and nutrients to tumors [11] [12] [13] [14] . Here we attempted to take into account these stroma effects by normalizing MVA to stroma area. The resulting marker, SnMVA, correlates positively with microvessel area and negatively with stroma area. Our validation tests with data from 100 NSCLC patients treated at our hospital suggest that SnMVA is superior to MVA for predicting prognosis.
Stroma impairs perfusion efficiency of most solid tumors [13, 14] . In our panel of 100 patients, the stroma fraction in tumor sections ranged from 12.2% to 48.7%, with a median value of 34.5%, suggesting that approximately one third of tumor tissue was stroma. Stroma is filled with highly compact, network-like extracellular matrix, which narrows extracellular spaces, increases interstitial fluid pressure, and elongates the diffusion path of oxygen and nutrients through the interstitial space. This ultimately limits the convection and diffusion of oxygen and nutrients from vessels to cancer cells [21] [22] [23] . In NSCLC, partial pressure of O2 in tumors decreases more than 50% after moving 50 μm away from microvessels [24] ; indeed, the level of intratumor oxygen varies inversely with the square of the diffusion distance [25] . Interestingly, the square of diffusion distance can be used to represent stroma-area in most desmoplastic tumors. Here we calculated SnMVA by dividing MVA by the square of the diffusion distance, measured as stromal area. In our patients, SnMVA ranged from 0.00393 × 10 -6 to 0.259 × 10 -6 (median, 0.0441 × 10 -6 ). MVA varied from 0.00393 to 0.172 (median, 0.0228), which is consistent with the previously reported range of 0 to 0.3 in other solid tumors [5, 26, 27] .
In our study, significantly higher MVA was observed in squamous cell carcinoma (SCC) than in adenocarcinoma (ADC, p = 0.0007). A small number of studies reported the correlation between vascular profiles and histological subtypes of NSCLC, of which most were focused on MVD. The similar [28] , increased [29] , and decreased [30] MVD levels of SCC to ADC were reported. The MVD of SCC (44.1 ± 2.5) was comparable to ADC (37.7 ± 2.1, p=0.134) in our study. The finding was similar to the study reported by Chen (53.57 ± 5.76 of SCC vs. 50.34 ± 5.17 of ADC, p >0.05) [28] . In a study of both MVD and MVA, MVD was significantly higher for ADC (7.3 ± 4.7) as compared with SCC (2.3 ± 1.1, p < 0.0001), but MVA was comparable between SCC (0.20) and ADC (0.24, p =0.87) [31] . It was suggested that mean area of individual microvessel in SCC was higher than ADC. Thus, it was a reasonable finding of higher MVA in SCC than ADC at similar MVD levels in our study. However, the reason caused different area of individual microvessel between ADC and SCC was not clear. We compared the ability of SnMVA and MVA to predict survival of NSCLC patients after dichotomyizing data using 33 cutoff values. Possible cutoff values, which were those among the 33 that showed a significant relationship of SnMVA or MVA with survival, were more numerous for SnMVA (20 for OS, 10 for PFS) than for MVA (4 for OS, 1 for PFS). SnMVA performed better than MVA at predicting disease-related death and relapse in uni-and multivariate analyses, especially when data were dichotomized using the optimal cutoff value. Moreover, the discrimination of SnMVA-and MVAderived prediction-models was measured with c-index. As a commonly used index for predictive accuracy, the c-index represented the probability that for any randomly selected pair of individuals, one with and one without the outcome. High value of c-index means accurately predictive power [32] . In the current study, SnMVA presented higher c-index value than MVA both acting as simple univariate-factor (0.507-0.532 vs. 0.522-0.628) or derived multivariatemodels (0.603-0.621 vs. 0.621-0.702).
MVA failed to correlate significantly with survival in our study, which likely reflects our relatively small sample. Previous reports have shown MVA or microvessel density to vary inversely with survival of patients with laryngeal cancer [33] or soft-tissue sarcoma [34] , to vary positively with survival of patients with clear cell renal cell cancer [5] , or not to vary significantly with survival of patients with astrocytic tumors [7] or breast carcinoma [35] . In the present study, low levels of SnMVA and MVA were associated with poor survival. The causes of paradoxical relation between microvessel quantity and survival remained unclear. Higher MVD or MVA contributed to poor survival by increasing nutrient and oxygen supply for proliferating clone of tumor cells, and providing vascular route for tumor cells metastasis [6] . On the contrary, abundant microvasculature meant well-differentiation tumor with good survival, as while as, less vascular lumens kept pace with the proliferation of tumor cells, and increased vessel permeability may compensate for their reduced amount [5] . In our point, an additional explanation should be considered was that low values of these indices indicate poor perfusion, leaving more of the tumor hypoxic. Hypoxia can trigger genetic and other adaptations in the tumor that facilitate its escape from host immune responses and resistance to chemo-and radiotherapy [36, 37] . Low MVA appears to trigger compensatory changes in vascular properties, such as increased vascular permeability and altered rheological properties of blood flow [5, 38] . These changes ultimately enhance tumor progression [13] .
The limitations of SnMVA should be addressed. At first, the predictive power of SnMVA should been further evaluated across various population of patients by different researchers. Moreover, SnMVA was only a conceptual model of vascular-stroma combined factor. It was rough and need to be refined by optimizing parameters of microvessel and stroma, and algorithm of combination. For example, whether stroma area was an optimal factor to optimize the MVA should be discussed. Instead of a structural supporter of tumor with physiological inert, the stroma played crucial role in the development of tumors. Stroma ratio was reported as an independently prognostic factor of lung cancer patients: rich stroma in tumor means poor outcome of survival [39] [40] [41] . In the present study, stroma ratio significantly correlated to OS (HR =0.30, 95CI: 0.14-0.62, p=0.012) and PFS (HR =0.51, 95CI: 0.29-0.91, p=0.010), though, SnMVA seemed slightly better than stroma ratio as prognostic factor of OS (HR =0.26, 95CI: 0.11-0.60, p=0.002) and PFS (HR =0.36, 95CI: 0.15-0.81, p=0.004). So, although stoma area may be not the best optimal factor to optimize MVA, SnMVA was significantly improved the predictive power of MVA. It provided pilot proof of the concept of combined factor and we expected to inspire other researchers to focus this concept, optimize the vascular-stroma combined factor and provide more sufficient proof.
Despite these limitations, SnMVA appears to show promise as a more comprehensive index of tumor perfusion than MVA on its own, making SnMVA more attractive for predicting prognosis of cancer patients. This novel index takes into account both microvessel intensity and perfusion of oxygen and nutrients into the tumor. Using a relatively small clinical sample, we validated SnMVA as an independent prognostic indicator of prognosis in the case of NSCLC, and it showed higher predictive accuracy, significance and robustness than MVA. SnMVA may prove similarly effective at predicting prognosis of other cancers.
Clinical practice points
Tumor perfusion is crucial to growth and metastasis and can be a useful prognostic factor. However, typical indices that reflect perfusion, primarily microvessel density or MVA, are not always effective at predicting survival. This may reflect the fact that although they measure a characteristic that promotes perfusion, they do not take into account factors that reduce it, such as thick stroma surrounding microvessels.
This study describes SnMVA as a novel prognostic indicator that takes into account the same microvessel intensity as MVA, as well as the extent to which microvessel-surrounding stroma reduces perfusion efficiency. Using data from 100 patients with NSCLC, we showed that SnMVA was superior to MVA at predicting survival in uni-and multivariate analyses. SnMVA was significantly related to OS or PFS after data were dichotomized using median SnMVA or the optimal cutoff value identified through systematic tests of 33 possible cutoff values. MVA, in contrast, showed a significant relationship only with OS in univariate analysis and only when data were dichotomized using the optimal cutoff value.
Our results suggest that SnMVA may be more accurate than the traditional index MVA for predicting prognosis based on tumor perfusion. This approach of normalizing microvessel measures by stromal area may be relevant to the design of other prognostic markers for a variety of solid tumors.
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